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Abstract
Developing, homeostatic, and regenerating tissues are full of various gradients, including
mechanical, chemical, porosity and growth-factor gradients. However, it remains challenging to
replicate these gradients using common tissue engineering approaches. Here, we use
electrospinning to create scaffolds with in-depth gradients. We created a fiber diameter gradient
and pore size gradient throughout the depth of electrospun (ESP) scaffolds by a continuous
gradient of polymer concentration. As an alternative to this established method, we developed a
novel method to create fiber diameter gradients by changing the voltage on both needle and
collector, keeping the total voltage constant. In this way, fiber diameter could be changed in a
gradient matter by focusing the electrospinning spot. Using this method, we created a fiber
diameter and pore size gradient, while keeping all other parameters constant. Lastly, we developed
a novel method to create functional group gradients, which can potentially be used in a wide
variety of polymer solutions to couple peptides and proteins to ESP scaffolds. A scaffold with an
in-depth gradient of functional groups was created by adding functionalized poly(ethylene glycol)
additives to the polymer solution, a novel method with potentially wide applications. The
techniques demonstrated here could be applied to a wide variety of polymers and applications and
can aid in developing physiologically relevant gradient scaffolds.
1. Introduction
Embryonic and tissue development is steered largely
through gradients [1–3]. In adult tissues, gradi-
ents are still present in, for example: cell distribu-
tion, extra-cellular matrix (ECM) proteins, physical
properties and growth factors [4–8]. Regenerating
tissues also use gradients in ECM remodeling and
excreted growth factors [9–12]. The manufactur-
ing of scaffolds with physiological properties has
been the interest of tissue engineering researchers
for the past decades. Mimicking these physiolo-
gical gradient properties for tissue engineering
could greatly benefit tissue function and regen-
eration. The creation of a wide variety of syn-
thetic materials and isolation and characteriza-
tion of biological materials allows researchers to
pick materials that match the desired material
properties. Also, many different proteins, peptides
and minerals have been added to these materi-
als to steer cell behavior. However, incorporating
gradients in tissue engineering constructs remains
challenging.
Several properties of a cell’s surrounding has been
shown to greatly influence cell behavior. Mechan-
ical properties are an important factor of the cellu-
lar surroundings [13, 14]. Proliferation, differenti-
ation, ECM production and migration have all been
shown to change in response to substrate stiffness.
Many different cell types have been shown to pro-
liferate more on stiffer substrates [15–22]. Mesen-
chymal stromal cells are more inclined to differenti-
ate to bone on stiffer substrates, and more likely to
commit to the adipose lineage on softer substrates
[16, 23, 24]. However, these material properties are
mostly exploited without gradients, while developing
homeostatic and regenerating tissues consist of a wide
variety of gradients [1–12]. To better recapitulate the
© 2020 IOP Publishing Ltd
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Figure 1. In-depth gradient in ESP scaffolds. (a) Schematic overview of electrospinning set up. Two syringes, one loaded with
300PEOT55PBT45 polymer solution and a green dye, the other with 300PEOT55PBT45 and a red dye. The solutions of each
syringe flowed into a single tubing. The flowrates of each syringe were changed over time, increasing one while decreasing the
other, keeping the total flow rate at 3 ml h−1. (b) Representative images of the cross-section of a scaffold with a high-low gradient
of green dye (left) and a low-high gradient of red dye (middle). The right panel shows the merge of the green and red channel.
Scalebars 250 µm.
tissue, tissue engineering scaffolds can potentially be
greatly improved by incorporating gradients.
Gradients in stiffness guide cell migration in a
process called durotaxis, where cells move to stiffer
substrates [25–27]. Indeed, electrospun (ESP) scaf-
folds with an in-depth stiffness gradient have been
shown to improve cellular infiltration in the scaf-
folds [28]. Pore size is another important aspect of
the extra-cellular environment. Optimal pore size
for differentiation and proliferation differs per cell
type [29]. Additive manufactured scaffolds with a
gradient in pore size have also been shown to influ-
ence cartilage matrix deposition and bone regener-
ation [30, 31]. Pore shape can also affect cell beha-
vior, shape and orientation [32, 33]. Growth factors
and adhesion molecules also play an important
role in controlling cell behavior. Isotropic growth
factor coupling is used in the tissue engineering
field [34, 35], but the use of gradients to mimic
the physiological conditions is underexplored due
to technical difficulties to create gradients. Several
established methods to create horizontal (side to
side) fiber diameter and protein gradients have been
developed [36–40]. In addition, in-depth fiber dia-
meter gradients have been developed by changing
polymer concentration [28]. Here, we developed
a novel method to create in-depth fiber diameter
gradients using a gradual change in voltage. A uni-
vocal method to create in-depth protein gradients
has not yet been described. We introduce a method
to create in-depth functional group gradients by
the addition of functionalized poly(ethylene glycol)
(PEG) that could be used to create multi-directional
protein or peptide gradients in a wide variety of
polymers.
2. Results
2.1. Creating bi-directional gradients in-depth of
ESP scaffolds
It remains challenging to replicate the gradients found
in vivo in tissue engineering scaffolds. Layer by layer
approaches have been reported in ESP scaffolds [41],
but true in-depth gradients have not been widely
reported in literature. An easy approach to create
gradients in ESP scaffolds is using two syringe pumps
with different solutions that feed into a single spin-
neret. As a proof of principle, we loaded one syringe
with 300PEOT55PBT45 polymer solution and a green
dye, and another with the polymer solution and a
red dye. Over time, the flowrate of the first syringe
was decreased, while the flowrate of the second syr-
inge was increased, keeping the total flowrate equal
(figure 1(a)). As expected, the green dye decreased in
intensity over time, while the intensity of the red dye
increased (figure 1(b)). Using thismethod, we created
a scaffoldwith bi-directional gradients: high-low con-
centration of green dye, and a low-high concentration
of red dye.
2.2. Fiber diameter and porosity gradient by
changing polymer concentration over time
Adult tissues, such as cartilage and bone, are known
to have a gradient in porosity [8, 42]. Mimick-
ing such a gradient could potentially aid in captur-
ing tissue properties and steering cell behavior. In
ESP scaffolds, the fiber size and the pore size are
inherently linked [43–50]. We have previously shown
that increasing the polymer concentration from 20%
(w/v) 300PEOT55PBT45 to 35% results in an increase
in fiber diameter and pore size, in line with reports
for other polymers [43, 46, 49]. Thus, to create a fiber
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Figure 2. In-depth fiber diameter gradient. (a) Cross-section overview of fiber diameter gradient, made by changing the polymer
concentration over time with the two syringe set-up. Scalebar 80 µm. (b) Top view (left panels) and cross-section (right panels) of
the bottom and top of the fiber diameter gradient scaffold. Scalebars 15 µm. (c)–(d) Quantification of fiber diameter (n= 10–20)
(c) and pore area (n= 15) (d) of top and bottom of fiber diameter gradient scaffold. (c) Student’s t-test. (d) Mann-Whitney test
∗∗∗∗ p < 0.0001.
diameter and porosity gradient in an ESP scaffold,
we increased the polymer concentration from 20%
to 35% over the time of spinning. Using the double
syringe pump setup, ESP scaffolds with a gradient
in fiber diameter were produced (figure 2(a)). At
the bottom, where a 35% (w/v) 300PEOT55PBT45
polymer solution was spun, 2.4 ±0.2 µm fibers were
formed. By reducing the flowrate of the syringe
containing 35% 300PEOT55PBT45 and increasing
the flowrate of the 20% 300PEOT55PBT45 con-
taining syringe, an in-depth gradient in fiber dia-
meter was created. At the top, where a 20% (w/v)
300PEOT55PBT45 polymer solution was spun, fibers
of 1.0 ±0.1 µm were formed (figures 2(b) and (c)).
The pore area on the bottom, with larger fiber dia-
meter, also increased significantly (p < 0.0001), com-
pared to the top, with smaller fiber diameter. This
demonstrates that a gradient in fiber diameter and
pore size could be created by decreasing the polymer
concentration over time.
2.3. Fiber diameter and porosity gradient by
changing voltage over time
As an alternative method to modulate fiber diameter,
we attempted to focus or scatter the electrospinning
spot. We hypothesized that by focusing the spot size,
fibers would have less time to stretch, thereby increas-
ing the fiber diameter. Inversely, by increasing the
spot size we could stretch fibers more and decrease
the fiber diameter. We hypothesized that by decreas-
ing the voltage of the collector and the needle, we
could focus the spinning spot. Indeed, by setting the
collector voltage to −16 kV and the needle to 4 kV,
the spinning spot size decreased to 32.5 ± 2.3 cm2
(figure 3(a)). By setting the collector to 0 kV and
the needle to 20 kV, we increased the spot size 4.8x
to 156.6 ± 9.7 cm2. Together with the change in
spot size, a change in fiber diameter was observed.
In the –16 kV charged collector condition, a scaffold
with 3.2 ± 0.6 µm fibers was obtained (figure 3(b)).
When the collector was left uncharged, a scaffold with
2.1± 0.4µm fibers was produced. Together with fiber
diameter, the pore size also increased (figures 3(c) and
(d)). To create a gradient in fiber diameter through-
out the ESP scaffold, we gradually increased both
needle and collector voltage (figure 3(f)). Indeed, a
scaffold with in-depth fiber diameter gradient was
produced (figures 3(e)–(g)). This is the first time a
voltage gradient is used to create an in-depth gradient
scaffold. This method is likely to work for a wide vari-
ety of polymer solutions and is easy to implement in
many different electrospinning setups. The elegance
of this approach is that all parameters, such as poly-
mer concentration and flowrate, are kept constant,
which could be used as a tool to specifically invest-
igate the effect of just fiber diameter.
2.4. Functional group gradient
Besidesmechanical and spatial cues, in vivo alsomany
gradients of biological factors exist [9–11, 51–53]. To
replicate this, we attempted to incorporate functional
groups in the scaffold. Alkyne groups are a good can-
didate because they can be coupled very efficiently
to an azide group by a copper-mediated click reac-
tion. We have recently developed a method to present
functional groups on the surface of ESP scaffolds by
mixing low Mw PEG with a functional group in the
polymer solution [54]. First, we tested whether dif-
ferent concentrations of PEG-alkyne added to the
300PEOT55PBT45 polymer solution would result in
a different amount of alkyne groups at the surface of
ESP scaffolds. After copper-mediated click reaction
with a fluorescent azide dye, an increase in fluores-
cence was visible with increased PEG-Alk additive
concentration (figure 4(a)). Even at 0.001% (w/v)
slightly fluorescent fibers could be observed. The sig-
nal seemed to plateau around 1%. We also tested
other functional groups: PEG-SH (supplementary
figure 1(stacks.iop.org/BMM/15/045020/mmedia))
and PEG-NH2 (supplementary figure 2) additives,
which also increased the amount of available func-
tional groups with increased concentration. To create
a scaffold with an in-depth gradient of PEG-Alk, we
loaded one syringe with 300PEOT55PBT45 +2%
3
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Figure 3. Fiber diameter gradient through voltage modulation. Electrospinning spot size (n= 3) (a) fiber diameter (n= 20)
(b) and pore area (n= 20–25) (c) quantified in scaffolds ESP with different voltages of needle and collector. Two-tailed student’s
t-test (a) and Mann-Whitney test (b)–(c), ∗ p < 0.05, ∗∗∗∗ p < 0.0001. (d) Examples of the resulting ESP scaffolds. Scalebars
50 µm. (e) Cross-sectional overview of ESP scaffold with fiber diameter gradient created by changing the voltage of the needle
and collector over time. Scalebar 25 µm. (f) Graph depicting the increase in needle and collector voltage over time. (g) Detailed
cross-sectional images of top (left panel), middle (middle panel) and bottom (right panel) of the voltage gradient scaffold.
Scalebars 5 µm.
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Figure 4. In-depth functional group gradient. (a) Fluorescent images of ESP scaffolds made with different concentrations of
PEG-alkyne additive, stained with fluorescent azide dye. Scalebars 250 µm. (b) Cross-section overview of ESP scaffold with
PEG-alkyne gradient, stained with fluorescent azide dye. Scalebar 250 µm.
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PEG-Alk and the other one with 300PEOT55PBT45
alone. The flowrate of the first syringe was gradually
decreased while the flowrate of the second syringe
increased. After coupling the fluorescent azide dye,
the in-depth alkyne functional group gradient was
visualized (figure 4(b)). These experiments showed
that it is possible to present different functional
groups in a gradient matter on the surface of ESP
fibers by adding the PEG-additives. These PEG-
additives can potentially be mixed with a wide variety
of polymer solutions.
3. Discussion
We have used established technology and developed
a new method to create in-depth gradients of
fiber diameter and porosity in ESP scaffolds. A
300PEOT55PBT45 scaffold with a fiber diameter
gradient going from 1 µm to approximately 2.4 µm
was created by changing polymer concentration.
Changing polymer concentration over the spinning
time to create in-depth fiber diameter gradients has
been reported previously [28, 55, 56]. Here, we have
developed a novel method to create fiber diameter
gradients. By gradually changing the needle and col-
lector voltage over time, the electrospinning spot was
focused and a gradient in fiber diameter was created
from 2.1 µm to 3.2 µm. Changing the fiber diameter
by using a change in voltage over time has not yet
been reported. The benefit of this novel method is
that fiber diameter can be changed without chan-
ging other parameters, such as polymer concentra-
tion, allowing for the decoupling of different vari-
ables. In addition, this method could be combined
with other methods, such as changing polymer con-
centration, to further increase or decrease the fiber
diameter. Pore size has been optimized with a vari-
ety of methods, including a change in fiber diameter,
but also incorporating sacrificial polymers or salt- or
ice crystals [57–65]. Such methods could also be used
in addition to the methods described here to further
optimize pore size gradients.
In addition to the methods to create fiber dia-
meter gradients, we created functional group gradi-
ents by adding functionalized PEG molecules to the
polymer solution. While in-depth gradient of fiber
diameter and pore size have been developed, as
described above, in-depth functional group gradients
in ESP scaffolds have not yet been reported. Meth-
ods to create functional group or protein gradients
in the horizontal (side to side) direction have been
developed [37, 38, 40], but these methods cannot
be directly transferred to create in-depth functional
group gradients. Here, we have developed a method
to create in-depth functional group gradients that can
potentially be used in a wide variety of polymer solu-
tions.We have shown that different functional groups
can easily be incorporated, including alkyne, thiol and
amine groups. By coupling proteins or peptides to
these functional groups, this method could be used
to createmulti-directional gradients for awide variety
of applications. An in-depth adhesive ligand gradient
has been previously described [28], but the benefit of
our method is that it could be univocally applied to a
wide variety of proteins and peptides.
Together, these methods could be combined or
used alone to create novel ESP gradient scaffolds. As
regenerating tissues contain multiple forms of gradi-
ents, these scaffolds could potentially aid tissue engin-
eering constructs for a wide variety of tissue engineer-
ing approaches. Regenerating or homeostatic tissues
with gradients include: nerve, heart, skin, bone and
cartilage, among others [4–12, 66].
On top of the tissue-recapitulation capacity of
gradient scaffolds, these scaffolds can also be used for
optimizations, having a single scaffold to test a wide
range of a single variable [31, 67].
Most cellular responses to gradients have been
studied in 2D. A better understanding of how gradi-
ents affect cell behavior in 3D could also lead to
smarter design of tissue engineering scaffolds. Both
the voltage gradient method and the functionalized
PEG method developed here are well suited for these
kind of studies, because fiber diameter or protein
incorporation can be changed while keeping other
parameters equal.
4. Conclusion
In summary, we have created in-depth gradients of
fiber diameter, porosity and functional groups in ESP
scaffolds. We have created a 300PEOT45PBT55 scaf-
fold with a fiber diameter and pore size gradient using
a change in polymer concentration, or a change in
voltage. Also, we presented an easy way to create func-
tional group gradients in a potentially wide range
of polymer solutions, using PEG-alkyne, -thiol or -
amine additives. By changing the functional group
on the PEG additive, a wide variety of functional
groups can be presented in gradients on ESP scaffolds.
Together, the methods presented here could be used
to create more physiologically relevant scaffolds with
continuous physical and chemical gradients.
5. Methods
5.1. Electrospinning
300PEOT55PBT45 is a segmented block co-polymer
of 300 Da poly(ethelyne oxide terephthalate) and
poly(butylene terephthalate) with a PEOT/PBT
weight ratio of 55/45 (PolyVation). 20% or 35%
(w/v) 300PEOT55PBT45 was dissolved overnight
under agitation at room temperature in a mix-
ture of 70% Chloroform (Sigma-Aldrich) and 30%
1,1,1,3,3,3-Hexafluoro-2-propanol AR (HFIP) (Bio-
Solve). Electrospinning was done using the Bioinicia
Fluidnatek LE-100. For the dye and PEG additive
experiments, a 20% polymer solution was used. For
5
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the fiber diameter gradient scaffolds, 20% and 35%
300PEOT55PBT45 were used. For the voltage gradi-
ent experiments, 35% 300PEOT45PBTwas used. ESP
scaffolds were produced on a 19 cm diameter man-
drel rotating at 100 RPM to produce a large batch of
scaffolds at the same time under exactly the same
conditions. The following conditions were main-
tained: 15 cm working distance, 3 ml h−1 flow rate,
23 ◦C– 25 ◦C and 40% humidity. For the dye, poly-
mer concentration andPEGadditive experiments, the
mandrel was uncharged and the needle was charged
between 20 and 25 kV. For the voltage gradient scaf-
folds, the mandrel voltage was varied (see voltage
gradient section). ESP scaffolds were collected on
aluminum foil.
5.2. Flowrate gradient
In-depth gradients were created by increasing the
flowrate of one syringe while decreasing the flowrate
of the second syringe. To control the flowrate, a cus-
tom LabVIEW program was developed (supplement-
ary figures 3 and 4). The two syringes were connected
in a 90◦ angle, with 1 m tubing after the connection
point to ensure sufficient mixing of the two solutions.
For the proof of concept experiment with fluores-
cent dyes, wemixedMacrolex fluorescent yellow 10 G
(Lanxess) and Macrolex fluorescent red G (Lanxess)
at 1 mg ml−1 with the 20% 300PEOT45PBT polymer
solution for 4 h. The gradient was produced by chan-
ging the flowrates from 0–3 or 3–0ml h−1 in 30 steps,
over the course of 5 min. The polymer concentra-
tion gradient and PEG-Alk gradient were produced
by changing flowrates in 40 steps over 10 min. The
PEG-Alk, PEG-SH and PEG-NH2 (Sigma-Aldrich)
were all mixed for 4 h before electrospinning. All PEG
chains were 5000 Da with both ends functionalized.
The PEG-Alk scaffolds were stained with
10 µg ml−1 azide Megastokes 673 (Sigma-Aldrich) in
2.5 mm copper sulfate (Sigma-Aldrich) and 25 mm
sodium ascorbate (Sigma-Aldrich) in water overnight
at room temperature. The PEG-SH scaffolds were
stained with 10 µg ml−1 DyLight-488 (Thermo
Fisher) overnight in PBS at room temperature. The
PEG-NH2 scaffolds were stained with 30 µg ml−1
fluorescamine (Sigma-Aldrich) in 10% acetone and
90% water for 5 min. After staining of each PEG-
additive scaffold, scaffolds were washed 3x with
water and imaged under the fluorescent microscope,
or in the case of PEG-NH2, quantified using the
CLARIOstar™ platereader (BMG Labtech).
5.3. Voltage gradient
In-depth fiber diameter gradients were created by
changing the voltage of both needle and collector.
To control the voltage, a custom LabVIEW program
was developed (supplementary figures 5 and 6). In 17
steps (1 kV/step) over the course of 4 min, the voltage
was changed from 4 kV on the needle and−16 kV on
the mandrel to 20 kV and 0 kV, respectively.
5.4. Fiber and pore size quantification
Fiber diameter and pore area were quantified
manually using a custom-built Fiji script. At least
three different images of at least two different scaf-
folds were taken and around 20 fibers or pores
were measured. To quantify pore area, images were
acquired with high contrast to create a dark back-
ground within pores that were deeper than a few fiber
layers. The pore area of these pores on the surface of
the scaffolds were measured in the biggest pores in
each image.
5.5. Statistical analysis
All data was tested for normal distribution using
the Shapiro-Wilk test. Two-tailed student’s t-test was
performed for normally distributed samples and
the Mann-Whitney test was used as non-parametric
equivalent. Fiber diameter analysis was done using
a custom-made macro in Fiji, while pore size was
manually measured in the top layer of fibers, analyz-
ing at least 20 fibers in three separate images.
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